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The question whether sucrose (Suc) is present inside plastids has been long debated. Low Suc levels were reported to be 
present inside isolated chloroplasts, but these were argued to be artifacts of the isolation procedures used. We have 
introduced Suc-metabolizing enzymes in plastids and our experiments suggest substantial Suc entry into plastids. The 
enzyme levansucrase from Bacillus sublilis efficiently synthesizes fructan from Suc. Targeting of this enzyme to the plastids 
of tobacco (Nicotiana tabacum) and potato (Solanum tuberosum) plants leads to high-level fructan accumulation in chloroplasts 
and amyloplasts, respectively. Moreover, introduction of this enzyme in amyloplasts leads to an altered starch structure. 
Expression of the yeast invertase in potato ruber amyloplasts results in an 80% reduction of total Suc content, showing 
efficient hydrolysis of Suc by the plastidic invertase. These observations suggest that Suc can enter plastids efficiently and 
they raise questions as to its function and metabolism in this organelle. 



Plastids are of tremendous metabolic importance. 
Next to photosynthesis they are involved in the syn- 
thesis of fatty acids, amino acids, starch, and many 
compounds of secondary metabolism. This diverse 
metabolic capacity of plastids requires an extensive 
array of selective transporting systems for interaction 
with other cellular compartments. Plastids are sur- 
rounded by two membranes, the inner and the outer 
membrane. In the inner membrane of the plastid 
envelope, many metabolite specific transporters are 
present, whereas the outer membrane contains non- 
specific porin-like channels. The envelope outer 
membrane was proposed to be non-selective and 
permeable for many small molecules (Heldt and 
Sauer, 1971). However, recent data suggest that outer 
membranes can also act as selective and regulated 
molecular sieves (Flugge, 2000; Neuhaus and Wag- 
ner, 2000; Soil et al., 2000). 

Several metabolite transporters in plastids have 
now been identified (Ernes and Neuhaus, 1997; 
Flugge, 1998; Neuhaus and Wagner, 2000). The well- 
known triose phosphate/phosphate translocator 
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exports the triose phosphates generated by photo- 
synthetic C0 2 fixation into the cytosol. The phospho- 
emrfpyruvate? phosphate translocator is responsible 
for the import of phosphoeno/pyruvate into plastids 
for several plastidic metabolic pathways, like the 
shikimate pathway or amino acid synthesis (Streat- 
field et al., 1999). Another phosphate antiporter is the 
Glc-6-P/phosphate translocator (Naeem et al., 1997; 
Wischrnann et al., 1999). The imported Glc-6-P in 
amyloplasts can be used for starch biosynthesis or in 
the oxidative pentose phosphate pathway (Naeem et 
al., 1997). Next to sugar-phosphates, unphosphory- 
lated carbohydrates like Glc and maltose can be 
transported (Schleucher et al., 1998) and recently a 
gene encoding plastidic Glc translocator was identi- 
fied (Weber et al., 2000). Furthermore, plastids con- 
tain transporters involved in ammonia and nitrogen 
assimilation, transporting Glu, Gin, and oxaloacetate 
in exchange for malate or Glu. An ADP/ATP trans- 
locator is present for the supply of ATP as a driving- 
force for biosynthetic processes. 

Only limited information is available on the sub- 
cellular compartmentation of many metabolites in 
vivo. For plastids such research is mostly focused on 
the metabolites involved in the pentose phosphate 
route in chloroplasts or on metabolites involved in 
starch biosynthesis in amyloplasts like ADP-Glc, Glc- 
1-P, and Glc-6-P. One metabolite whose presence 
inside plastids has been debated over the years is 
Suc. Metabolite localization studies usually show no, 
or very low, Suc compartmentation to plastids (Heldt 
and Sauer, 1971; Wang and Nobel, 1971; Heineke et 
al., 1994). However, significant Suc levels were re- 
ported for chloroplasts of frost-hardy cabbage leaves 
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(Santarius and Milde, 1977). Moreover, Sue can be 
imported in early stages of chloroplast development 
(Hampp and Schmidt 1976). Thus, plastid membrane 
permeability for Sue may depend on environmental 
and developmental conditions. In these cases it is un- 
known how Sue enters the plastids, nor whether it 
plays a role in metabolic processes in these organelles. 

The enzyme levansucrase from Bacillus subtilis con- 
verts Sue into fructan, a polymer of Fru. This fructo- 
syltransferase catalyzes the synthesis of fructans by 
transferring the Fru-unit from Sue to a fructosyl- 
acceptor with concomitant release of Glc (Dedonder, 
1966). Expression of this enzyme in different plant 
species results in the accumulation of fructans, often 
to high levels (Ebskamp et a!., 1994; Caimi et al., 1996; 
RGber et al., 1996; Turk et al., 1997). 

Here we report on high-level fructan accumulation 
in transgenic tobacco (Nicotiana tabacum) and potato 
(Solarium tuberosum) harboring a plastid-targeted 
levansucrase. These fructans accumulate inside chlo- 
roplasts and amyloplasts of transgenic tobacco and 
potato plants, respectively. To further investigate the 
presence of Sue in plastids we introduced a yeast 
invertase in the potato tuber amyloplast. The total 
Sue content of these tubers was reduced up to 80%. 
These results suggest a substantial Sue entry into 
plastids. 



RESULTS 

Fructan Accumulation in Tobacco Chloroplasts 

For plastid localization of the B. subtilis levansu- 
crase, the mature sacB gene was fused to the ferre- 
doxin chloroplast targeting sequence. This chimeric 
construct was placed under the control of the consti- 
tutive cauliflower mosaic virus 35S promoter, the alfa 
alfa mosaic virus translational enhancer, and the no- 
paiine synthase terminator. Tobacco plants were 
transformed and transformants were identified by 
selection for kanamycin resistance. Twenty indepen- 
dent 35S-ferredoxin- (FD) LS transformants were 
grown on soil in the greenhouse. The transgenic to- 
bacco plants showed a different phenotype com- 
pared with wild-type (WT) plants. Lower leaves 
showed early bleaching and necrosis. Fructan levels 
were determined in the mature leaves and ranged 
from 0.2% to over 10% of dry weight (data not 
shown). Levansucrase enzymatic activity was deter- 
mined in leaf extracts incubated with radioactive 
l4 C-Suc followed by thin-layer chromatography 
(TLC) separation and autoradiography. Enzymatic 
activity could be detected in leaves with more than 
3% of dry weight fructan, although this enzymatic 
activity was near the detection limit (results not 
shown). Four transgenic plants, which accumulated 
05%, 1.0%, 2.7%, and 10% of dry weight as fructans, 
respectively, were self-pollinated and the offspring 
was used for further analysis. Plastidic localization 
was analyzed by preparing protoplasts from plants 
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containing 2.7% fructan. From these protoplasts, Per- 
coll gradient-purified chloroplasts were isolated and 
fructan levels were determined. Based on chlorophyll 
content, equal amounts of fructan were detected in 
protoplasts and chloroplasts (Fig. 1), indicating a 
quantitative localization of fructans in plastids. As a 
control, transgenic 35S-SP-LS tobacco plants were 
used. Here, levansucrase is fused to the N-terminal 
110 amino acids of sweet potato sporamin, which 
results in fructan accumulation in the endomem- 
brane system (Turk et al., 1997). In these plants fruc- 
tans were detected in the protoplast, but no signal 
was observed in the chloroplast extract, showing that 
fructans as such do not copurify with chloroplasts 
(Fig. 1). These results show that fructans are present 
inside the chloroplast and that the transit peptide of 
ferredoxin targets the levansucrase enzyme to this 
compartment as was previously observed for a host 
of other proteins. The accumulation of such high 
fructan levels (up to 10% of dry weight) in chloro- 
plasts is remarkable since in plastids Sue levels were 
reported to be absent or very low. Moreover, the K m 
of levansucrase for Sue is 20 mM (Dedonder, 1966). 

Fructan Accumulation in Potato Tuber Amyloplasts 

The 35S-FD-LS construct was also introduced in 
potato plants. The plants were allowed to tuberize 
and in these tubers the fructan levels varied from 
0.1% to 5% dry weight with an average of 2.7%. These 
results show that also potato plastias contain suffi- 
cient substrate for fructan synthesis. In an attempt to 
restrict expression of amyloplast-targeted levansu- 
crase to potato tubers, the patatin promoter was used 
(Wenzler et al., 1989). In these PAT-FD-LS plants, up 
to 35% of dry weight fructan was observed (Fig. 2a), 
showing that much higher fructan levels can accu- 
mulate in potato tubers. 

Sugar analysis of line Pi4T-FD-LS-20 with a tuber 
yield of 4 ± 1 g and a tuber fructan content of approx- 
imately 22% of dry weight revealed that tuber starch 
content was reduced, whereas Sue, Glc, and Fru levels 
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Figure 1. TLC fructan analysis of extracts from protoplasts (P) and 
Percoll gradient-purified chloroplasts (C) from 35S-FD-LS and 355- 
SP-LS tobacco plants. Based on chlorophyll, equal amounts of pro- 
toplast and chloroplast extracts were loaded. 
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Figure 2. A, Average frucian content and tuber yield of PAT-FD-LS 
potato tubers. Presented is the average of a number of plants of each 
line grown in the greenhouse for 4.5 months. B, Quantitation of 
neutral sugars, starch, and fructans in tubers of greenhouse-grown 
potato plants. WT in = 7) and PAT-FD-LS line 20 in = 5). 



were elevated (Fig. 2b). Thus, elevated sugar levels 
were detected in these fructan-accumulating potato 
plants as previously observed for endomembrane- 
targeted levansucrase (Turk et al., 1997). 



In the 35S-FD-LS and the PAT-FD-LS potato plants, 
starch granule morphology was affected. In Figure 3, 
a through d, starch granules derived from 35S-FD-LS 
tubers are shown compared with those of WT using 
scanning electron microscopy (SEM). Potato plants 
accumulating fructan in Ihe endomembrane system 
(Turk et al., 1997) did not show an effect on granule 
morphology. Thus, the altered granule morphology 
is specific for plants harboring a plastid-targeted 
levansucrase. It is most likely due to the presence of 
fructan in the starch granules (N. Gerrits, unpub- 
lished data). 



Invertase Activity In Tuber Amyloplasts 

Levansucrase and the fructan produced could in 
theory affect membrane transport properties. There- 
fore, another Suc-hydrolyzing activity was intro- 
duced in plastids. For this, the invertase of Saccharo- 
myces cerevisiae was used. This invertase was 
introduced into potato plastids using the FD plastid- 
targeting signal. The FD-invertase (FD-INV) con- 
struct was fused to the tuber-specific patatin pro- 
moter and introduced into potato (var. Kardal). To 
test for plastid localization of the yeast invertase 
protein, chloroplasts were isolated from greenhouse- 
grown potato leaves of transgenic line 24-31. The 
leakiness of the patatin promoter in leaves was al- 
ready observed in fructan accumulating lines and 
also in FD-INV lines, elevated invertase activity was 
observed in leaves. In two independent experiments 
invertase activity was determined by measuring Glc 
release from Sue (Cairns, 1987). The total invertase 
activity present in leaves of the transgenic plants was 
3.6 ± 0.7 nmol GIu min" 1 mg" 1 chlorophyll ver- 
sus 1.7 ± 03 nmol GIu min" 1 mg" 1 chlorophyll in 
WT. In purified intact chloroplasts the invertase ac- 
tivity was 2.9 ± 0.4 nmol GIu min" 1 mg" 1 chloro- 
phyll, representing 80% of the total invertase activity 
in leaves and suggesting a quantitative localization of 
the FD-INV protein to plastids. 

Tubers were harvested from greenhouse-grown 
plants after four and one-half months and were an- 
alyzed. The invertase activity detected in the trans- 
genic tubers varied between 1,263 ± 444 nmol min" 1 
g" 1 fresh weight for line 24-32 and 1318 ± 616 nmol 
min" 1 g" 1 fresh weight for line 24-31, representing 
an invertase activity of 27 times the WT level (ap- 
proximately 67 nmol min" 1 g" 1 fresh weight). In 
some invertase lines the tuber yield was reduced 
(Fig. 4), but no correlation was found between inver- 
tase activity and tuber yield. 

Reduced Sue Content in PA T-FD-INVTu b e re 

Three lines were selected for further analysis. Two 
lines with a tuber yield comparable with WT: line 
24-32 with the lowest invertase activity (1,263 ± 444 
nmol min*" 1 g" 1 fresh weight) and line 24-31 with the 
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Figure 3, SEM analysis of starch granules from potato tubers at magnifications of ISOx (A and B), 2,400X (C and D), and 
500X (E and F). Granules were Isolated from WT tubers (A, C. and E) and J5S-fD-IS tubers containing 4.8% of dry weight 
fructan (B and 0) and FD-1NV tubers line 24-32 (F). The bar segments represent lengths of 100 jim (A and B), 10 pm (C and 
D), or 50 /on (E and F). 



highest invertase activity (1,818 ± 616 nmol min" 1 g~ l 
fresh weight). The third line selected, line 24-10, 
showed a reduced tuber yield and an invertase activ- 
ity comparable with line 24-31 (1,813 ± 635 nmol 
min" 1 g 1 fresh weight). 

The sugar content of the tubers was analyzed using 
HPLC In all transgenic tubers total Sue content was 
reduced compared with WT (47 ± 29 /imol g~ l fresh 



weight). Line 24-31, showing the highest invertase 
activity, has the lowest Sue content of approximately 
8 jimol g 1 fresh weight. The Sue content of lines 
24-10 and 24-32 are approximately 14 and 18 jrniol 
g" 1 fresh weight, respectively (Fig. 4). The Sue ex- 
traction and quantification procedures were tested 
by adding a known amount of Sue to WT and inver- 
tase tuber slices before extraction. In these tests no 
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Figure 4. Analysis of potato tubers of PAT-FD-INV lines with an elevated average invertase activity in the amyloplast (line 
24-14 |n = 8|, line 24-35 [n = 8], line 24-32 [n ■ 8| f line 24-10 (/i = 6], and line 24-31 [n = 7|) compared with WT 
(n = 7) tubers. Tubers were harvested after growth for 4.5 months in the greenhouse. 



hydrolysis of added Sue during extraction was de- 
tected (data not shown), confirming that the inver- 
tase enzymatic activity is properly inactivated during 
the extraction procedure and does not affect the Sue 
concentration measured. Thus, a reduction of total 
Sue content in the transgenic tubers up to 80% cor- 
relates with the elevated invertase activity detected 
in transgenic tubers. 

In line 24-32 variability was observed in Glc and Fru 
content (Fig. 4). However, the level of monosacchar- 
ide in the tubers of 24-10 and 24-31 are comparable 
with WT. This implies that the monosaccharides re- 
leased during the hydrolysis of Sue by yeast invertase 
are efficiently shuttled back into intermediary metab- 
olism. The starch levels in line 24-31 (183 ± 102 mg 
Glu g' 1 fresh weight) and 24-32 (148 ± 144 mg Glu 
g" 1 fresh weight) are comparable with WT (167 ± 63 
mg Glu g" 1 fresh weight). Only in line 24-10 was the 
starch content reduced to 73 ± 58 mg Glu g" 1 fresh 
weight (Fig. 4). From these results we conclude that 
reduced tuber Sue levels does not significantly affect 
tuber starch content. 

SEM studies were performed to study the effect of 
invertase activity in the amyloplast on starch granule 
morphology. Starch was isolated from different in- 
vertase lines, but only results of line 24-32 are pre- 
sented (Fig. 3, e and f). The granules appeared to be 
more angular compared with WT granules, but the 
surface of the granules is smooth like WT. 

DISCUSSION 

Introduction of the FD-LS construct in tobacco re- 
sults in high-level fructan accumulation reaching 
10% of dry weight in leaves. The fructan was local- 

930 



ized to the plastids, confirming correct targeting of 
levansucrase. This high fructan accumulation is re- 
markable since it implies that sufficient Sue must be 
available in plastids. Plastidic Sue concentrations 
were reported to be very low and the observation 
that fructans accumulate to high levels suggests a 
continuous Sue influx into these organelles. Sue is 
probably the major fructosyl donor in tobacco chlo- 
roplasts, but we cannot exclude the possibility that 
other compounds also play such a role. For example, 
sugars like raffinose can also act as fructosyl donor 
for levansucrase in vitro, but to our knowledge there 
are no reports to suggest the presence of such sugars 
in plastids. No in vitro fructan synthesis by levansu- 
crase was detected with Fru-6-P as a possible fructo- 
syl donor, even in the presence of low Sue concen- 
trations for priming (data not shown). 

The yeast invertase was targeted to the plastid 
using the same FD plastid-targeting sequence as has 
been used for levansucrase. It is remarkable that this 
amyloplast-targeted yeast invertase led up to an 80% 
reduction of total tuber Sue content. From literature it 
is known that cytosolic or apoplastic expression of 
yeast invertase in potato led to an over 90% reduction 
in Sue. In these cytosolic and apoplastic lines inver- 
tase activity was elevated to 19 and 66 times WT 
level, respectively (Sonnewald et al., 1997), compared 
with up to 27 times WT level for amyloplast-targeted 
invertase. Such a large reduction of total Sue content 
by an amyloplast-targeted invertase implies that the 
entry of Sue into the amyloplast is an efficient pro- 
cess. This entry rate is sufficient to lower the cytosolic 
Sue content, suggesting that Sue is readily taken up 
by plastids. If Sue is taken up by WT plastids to the 
same extent it must be metabolized or exported 
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somehow, since no Sue accumulates in plastids of 
WT plants. Until now, no Sue transporters have been 
localized to the plastid envelopes, so it is unclear how 
Sue enters plastids. 

It is unlikely that there is significant yeast invertase 
activity in the cytosol during transport to the amylo- 
plast since in potato tubers with cytosolically ex- 
pressed invertase, starch content and tuber yield are 
reduced and the tuber number is increased (Son- 
newald et al., 1997). The amyloplast-targeted inver- 
tase does not result in a reduction of starch content of 
tubers and total yield and tuber number are unal- 
tered; thus, the contribution of a possible cytosolic 
activity is not likely to be significant. Sue was pro- 
posed to signal starch accumulation in tubers (Ceiger 
et al., 1998) and seeds (Weber et al., 1998). It is 
interesting that in our study low Sue and normal 
starch levels are detected, suggesting that induction 
of starch biosynthetic enzymes does not involve cy- 
tosolic Sue. 

It is unclear why tuber yield in the fructan- 
accumulating potato lines is reduced. The signal for 
tuber initiation and tuber filling is presently un- 
known. Sue levels are elevated in fructan accumulat- 
ing lines, indicating that there is sufficient substrate 
for starch accumulation even in lines accumulating 
high levels of fructan. Moreover, normal starch levels 
and tuber yield can be observed in the invertase lines 
with reduced Sue levels. Thus, Sue availability seems 
not" to reduce tuber yield. A reduced tuber yield is 
also observed when fructans accumulate in other 
cellular compartments (Pilon-Smits et al., 1996). 

Plastidic levansucrase and invertase affect starch 
granule morphology. Granules isolated from FD-LS 
lines are small and irregular compared with smooth 
and oval-shaped WT granules. The starch granules 
from FD-INV plants show a triangular morphology 
compared with WT. These results show that levan- 
sucrase and invertase affect granule morphology dif- 
ferently when targeted to plastids. Further analysis 
showed that starch isolated from FD-LS plants pos- 
sesses altered physical properties (N. Gerrits and J. 
Vincken, unpublished data). 

Sue hydrolysis by invertase produces Glc and Fru, 
but elevated levels of these monosaccharides were 
not observed. It is apparent that there is efficient 
shuttling of the released monosaccharides in inter- 
mediary metabolism. Glc is known to stimulate res- 
piration and this results in decreased starch accumu- 
lation (Geiger et al., 1998; Trethewey et al„ 1998). We 
did not observe such a reduction in starch and most 
likely, the monosaccharides are used somehow in the 
starch biosynthetic pathway. Hexokinases and fruc- 
tokinases were reported to be associated with plas- 
tids, but it is unclear whether these enzymes are 
present inside these organelles (Stitt et al., 1978; 
Schnarrenberger, 1990). An outer membrane associ- 
ated hexokinase was recendy reported (Wiese et al., 
1999). 
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Our findings suggest that there must be a substan- 
tial Sue flux into chloroplasts and amyloplasts, More 
research is necessary to determine the rate and mech- 
anism of Sue entry into plastids and the way in which 
Sue is metabolized in this organelle. Moreover, it 
raises the question as to a possible physiological and 
metabolic role of Sue in this organelle. 

MATERIAL AND METHODS 

Generation of 35S-FD-LS and 35S-SP-L Plants 

Plasmid pSTU94 was constructed by cloning the 0.5-kb 
NcoUBamHl fragment encoding the FD peptide from Silette 
pratensis from pETFDIOO (Pilon et al., 1995) into NcoI-BglU- 
digested vector pMTL22 (Chambers et al., 1988). PSTU42 
(Turk et al., 1997), containing the sacB gene from Bacillus 
subtilis that was digested with Ncol, blunted with mung 
bean nuclease, digested with Xhol, and the 1.9-kb fragment 
was cloned in the Eco47///-X/ioI-digested vector pSTU94 to 
yield pSTU113. A 1.6-kb NcoI-BamHI fragment encoding 
the FD-levansucrase hybrid protein was cloned in the Ncol- 
BamHl-digested vector pPA2 (Turk et al., 1997) to yield 
pSTU176. A 3.0- kb Smal-X)tol fragment was subsequently 
cloned in a pBinl9-derived binary vector (Bevan, 1984; 
Frisch et al., 1995) to yield pSTU192. The construction of 
pSTU134 encoding the sporamin-Ievansucrase hybrid pro- 
tein was described previously (Turk et al., 1997). 

Plasmids pSTU134 and pSTU192 were transformed into 
Agrobacterium tumefaciens strain LBA4404 using electropo- 
ration (Mattanovich et al., 1989) and introduced into to- 
bacco (Nicotiana tabacum var. Samsun NN) and potato (5o- 
lanum tuberosum var. Kardal) using the leaf disc (Horsch et 
al., 1985) and the shoot transformation method (Visser, 
1991), respectively. Regenerated plants named 35S-SP-LS 
(pSTU134) and 35S-FD-LS plants (pSTU192) were selected 
for kanamycin resistance and were grown on Murashige 
and Skoog medium (Murashige and Skoog, 1962). 

Generation of PAT-FD-LS and PAT-FD-INV Plants 

Plasmid pPFL19 was constructed by cloning the Ncol- 
Sall fragment from pSTU 113 containing the FD plastid- 
targeting signal fused to the gene encoding for levansu- 
crase and the nopaline synthase terminator into the Ncol- 
Sfl/I-digested vector pMOC1139 (MOCEN International, 
Leiden, The Netherlands) containing the patatin promoter. 
The Xhol-Sall fragment from pPFL19 was cloned in a 
pBIN19-derived binary vector (Bevan, 1984; Frisch et al., 
1995) to yield pPFL21. 

Plasmid pPFGI-23 was constructed by cloning the BsrEII- 
Sall fragment from pJK-6 into BsrEII-Sa/I-digested vector 
pPFL-19 to place the construct under control of the patatin 
promoter. The BstHl-Sall fragment encodes part of the 
FD plastid-targeting signal (S. pratensis) derived from 
pETFDIOO (Pilon et al., 1995) fused with the Eco47III site to 
the second amino acid (Thr at position 848 of the sequence) 
of yeast invertase (SUC2 gene) and the terminator Tnos at 
the BamHI site introduced at position 2,456 in the invertase 
sequence. The XhoUSall fragment from pPFGI-23 encoding 
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for the plastid targeted yeast invertase under control of the 
patatin promoter and the nopaline synthase terminator 
was cloned into a p BIN 19- derived binary vector (Bevan, 
1984; Frisch et al., 1995) to yield pPFCI-24. 

The plasmids pPFL-21 and pPFCI-24 were transformed 
into A. tumefaciens strain LBA4404 using electroporation 
(Mattanovich et al. r 1989) and introduced into potato (var. 
Kardal) using the shoot transformation method (Visser, 
1991). Regenerated plants named PAT-FD-LS (pPFL-21) 
and PAT-FD-INV (pPFCI-24) were selected for kanamycin 
resistance and were grown on Murashige and Skoog me- 
dium (Murashige and Skoog, 1962). 



Isolation of Tobacco Protoplasts and Chloroplasts 

Isolation of tobacco protoplasts was done as described 
previously (Turk et al., 1997). Protoplasts (5 X 10 6 ) were 
resuspended in 3 mL of chloroplast isolation buffer (033 M 
sorbitol, 2 mM EDTA, 1 mM MnCl 2 , I mM MgCl 2 , 0.1% 
|w/v] fatty acid-free bovine serum albumin, 1% |v/v) Per* 
coll, and 50 mM HEPES [4-(2-hydroxyethyl)-l-piper- 
azineethanesulfonic acid|/KOH, pH 7.3) and the protoplasts 
were lysed by forcing the suspension through a 14-jtm filter. 
Intact chloroplasts were isolated by separating the or- 
ganelles on a continuous Percoll gradient as described (Cline 
et al, 1985). 

Fructans were isolated by lysing the chloroplasts in 100 
/iL of sterile water at room temperature followed by cen- 
trifuge tion at 12,000 g for 5 min. This extraction procedure 
was performed three times and the supernatants were 
combined. 



Isolation of Potato Chloroplasts 

Leaf material was harvested and incubated in the dark 
on water overnight at room temperature to reduce starch 
content The veins were removed and the leaves were cut 
into small slices in grinding buffer containing 50 mM 
HEPES/ KOH, pH 73, 0.33 m sorbitol, 1 mM MgCU, 1 mM 
MnCli, 2 mM EDTA, and 0.1% (w/v) fatty acid-free bovine 
serum albumin. After homogenizing using a polytron, the 
suspension was filtered through Miracloth (Calbiochem, La 
Jolla, CA) and was centrifuged for 3 min at l,500g. The 
pellet was suspended in 1 to 2 mL of grinding buffer and 
put on a pre-formed Percoll gradient (40% (v/v) Percoll, 60 
min at 27,000$, 4°C, brake off) and centrifuged for 10 min 
at 5,000 rpm in a HB4 rotor (Swing out) with rotorbrake off. 
The intact chloroplasts were isolated and 1 volume of 
grinding buffer was added before pelleting the chloroplast 
at 12,000g for 3 min. The chloroplasts were washed with 1 
mL of grinding buffer at 1,000 rpm for 1 min in the Eppen- 
dorf centrifuge. Invertase activity was determined by add- 
ing 180 /xL of 0.1 m Sue in 0.02 M NaAc, pH 4.7, to a 20-/iL 
sample and incubating at 30°C for 30 min followed by 
inactivating at 95°C for 5 min. Glc was measured using a 
colorimetric assay (Cairns, 1987). Invertase activity was 
calculated on a chlorophyll base. Chlorophyll was deter- 
mined by using 5 to 10 jiL of leaf extract or purified 
chloroplasts suspended in 200 jtL of water. After adding 



800 fiL of 100% (w/v) acetone the suspension was mixed 
and centrifuged for 5 min at 12,000$. Chlorophyll amount 
was determined at 652 nm (Bruins ma, 1961). 

Potato Tuber Invertase Assay 

Fifty to 100 mg of plant material was homogenized in 25 
/tL of invertase buffer (50 mM HEPES-KOH, pH 7.4, 5 mM 
MgCl 2 , 0, 1% (v/v) Triton X-100, and 10% [v/v] glycerol) 
and was centrifuged at 12,000g for 5 min at 4°C. Ten 
microliters of supernatant was incubated with 90 pL of a 
fresh solution of 100 mM Sue in 20 mM NaAc, pH 4.7, at 
30°C for 30 min. The solution was inactivated at 95*C for 3 
min and was spotted on silica gel TLC foils (Schleicher & 
Schuell, Dassel, Germany). The TLC was developed three 
times in 90:10 acetone:water and was stained with a Fru- 
specific urea-phosphoric spray as described by Wise et al. 
(1955). The Fru spot was quantified by scanning the urea 
spray-stained TLC foil using the Pharmacia Biotech Image- 
master VDS (San Francisco). 

Isolation of Starch, Fructans, and Other 
Nonstructural Carbohydrates 

Fructan and other soluble carbohydrates were isolated 
and quantified as described (Ebskamp et al., 1994; Turk et 
al., 1997). For starch isolation potato tubers were ground in 
extraction buffer (50 mM Tris-HCl, pH 7.4, 10 mM EDTA, 1 
mM NaS 2 0 5 , and 1 mM dithiothreitol) and the homogenate 
was filtered through two layers of Miracloth (Calbiochem- 
Novabiochem). Starch granules were allowed to sediment 
at 4°C by gravity flow for 48 h. The supernatant was 
removed and the granules were washed twice with two 
volumes of extraction buffer, twice with water, and once 
with acetone. In between the washing steps the granules 
were allowed to sediment for 24 h. This material was used 
for SEM. 

For the determination of soluble sugar in transgenic 
invertase plants, ±100 mg of plant material was extracted 
with 80% (v/v) ethanol at 80°C for 30 min in a total volume 
of 1 mL. After spinning for 5 min at 12,000$ the supernatant 
was evaporated in a speedvac and resolved in 1 mL of 
water. For HPLC detection the samples were treated with 
ion-exchange resin (AG 501-X8, Bio-Rad, Hercules, CA)/ 
PVP (Merck, Darmstadt, Germany) 2:1 (w/w), and was 
filtered through a 0.22-fim filter. The samples were ana- 
lyzed on an Aminex HPX-87C column using water as an 
eiuent. 



Starch Determination 

Plant material (± 200 mg of leaf or tuber) was extracted 
three times with 300 fiL of water. The pellet was dissolved 
in 2 mL of dimethyl sulfoxide and 0.5 mL of 9.25% (v/v) 
HC1 at 60°C for 1 h. After incubation the mixture was 
neutralized with 10 x NaOH and diluted in 0.1 m citrate 
buffer (pH 4.6) to a final volume of 10 mL. Five microliters 
of the hydrolyzed starch sample was incubated with 5 units 
of amylogiucosidase (Boehringer Mannheim, Basel) in a 
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final volume of 250 /xL In 0.1 m citrate buffer (pH 4.6) 
overnight at 37 C C. Clc was determined as described in 
Caims (1987). 
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We have previously demonstrated that xyloglucan is 
synthesized from UDP-glucose and UDP-xylose in the 
cell -free enzyme system from suspension -cultured soybean 
cells. 1 J) It is now apparent that xyloglucan is synthesized 
from the same glycosyl donors as those for cellulose, 3 * /J- 
l,3-glucan, 4) and xylan, 51 The synthesis of xyloglucan may 
occur in a compartment in plant cells, and so the con- 
centrations of the donors in whole cells may not reflect 
those in the site of the synthesis. However, it would be 
helpful for the elucidation of the regulation mechanism of 
the biosynthesis, to know the levels of UDP-glucose and 
UDP-xylose in cytoplasm. In addition, the characteriza- 
tion of sugar nucleotides in soybean cells is expected to 
afford some information on the direct donors of galactose 
and fucose for the overall biosynthesis of xyloglucan, 
which itself is composed of glucose, xylose, galactose, and 
fucose. 6) 

In this communication, we describe the levels of UDP- 
glucose and UDP-xylose in soybean cells and the 
possible occurrence of sugar nucleotides having bases 
other than uracil 

Suspension-cultured soybean {Glycine max) cells (600 g) 
at the midpoint of the exponential growth were extracted 
with two portions of 6 liters of 70% boiling ethanol for 5 
The extract was applied to a column (6x40 cm) of 
Dowex 1x8 (CI - )- The nucleotides were eluted with 
0.003 n HQ containing I m NaCl after the column was 
washed with water. The elution of nucleotides was fol- 
lowed by measuring the absorbance at 260 nm, and frac- 
tions with an absorbance greater than 0.05 were pooled.. 
The combined fraction was concentrated by adsorption on 
charcoal followed by elution with a mixture of ammonia- 
ethanol- water (4:50:46). The nucleotide solution was 
applied as a zone to several sheets of Whatman 3 MM 
filter paper, which were then chromatograpbed by des- 
cending technique with n-butanol-ethanol-water (7:4:2). 
After drying, the nucleotide zone near the origin was 
excised and eluted with water, and the eluate was freeze- 
dried. The total yield of nucleotides was 444 /xraol per 
600 g of soybean cells (fresh weight) when calculated from 
the absorbance at 260 nm with a millimolar extinction 
coefficient of 10, that is, the coefficient of UMP. 
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Fic. 1. Ion-exchange Chroma togram of the Isolated 
Nucleotides with the Formic Acid System. 

Nucleotides equivalent to 60 g of cells were separated on a 
Dowex AO I x 4 (formate type) column. A to F, Fraction 
A to F; FA, formic acid; AF, ammonium formate. 



The nucleotides were then fractionated on a Dowex 
AG1 x4(HCOO") column (I x 1 5 cm) by gradient elution 
with the formic add system described by Hurlbert et al. v 
(Fig. 1). By comparing the elution pattern of the nu- 
cleotides with that of an authentic specimen, it was con- 
cluded that Fraction B (tube No. 40 - 50), C (tube No. 
80-90), and E (tube No. 110-115) contained ADP- 
sugars, GDP-sugars, and UDP-sugars, respectively. 

In order to know which fractions contained glucose, 
xylose, galactose, and/or fucose nucleotides, each fraction 
was subjected to a mild acid hydrolysis (with 0.01 n 
trifluoroaeetic acid for 30 rain at 100°C 8 0 and the liberated 
sugars were determined by the method of Somogyi. 91 
Fractions A (tube No. 8-25), B, C, D (tube No. 
101-109), E and F (tube No. 120-124) were found to 
contain reducing sugars. The neutral sugar compositions 
of the fractions were then examined by gas-liquid chro- 
matography of their mild acid hydrolyzates after being 
converted into the alditol trifluoroacetates. 10) The results 
are presented in Table I together with the sugar contents of 
the fractions. Since Fraction D did not give any neutral 
sugar on mild acid hydrolysis, the nucleotides in this 
fraction may contain N-acctylated sugar or uronic acid. 

Table I suggests that UDP-sugars (Fraction F) occur in 
the largest quantity among the sugar nucleotides. The total 
amount of UDP-sugars recovered from 600 g of the cells 
was estimated to be approximately 86/unol. Xylose and 
galactose were detected in Fractions £ and F. However, 
the yield of Fraction F was too small to be examined 
further. Fucose was delected only in Fraction C. 
Therefore, we assumed that UDP-galactose and GDP- 
fucose, in addition to UDP-glucose and UDP-xylose, 
might serve as glycosyl donors for the synthesis of xylo- 
glucan. 

To obtain information on the levels of UDP-glucose 
and UDP-xylose, Fraction E was examined in more detail 
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Table I. Amounts of Sugars and Neutral Sugar Compositions op the Nucleotide 
Fractions Separated by Jon-exchanob Chromatography (Fig. 1). 



Content - Neutral sugar composition* 



traction 


or sugars 
(rag/600 g of cells) 


Clc 


Xyl 


Gal 


Fuc 


Ara 


RHam Man Rib 


A 


10 


+ 








+ + + 




B 


0.2 


+ + + 








+ 


+ 


C 


0.3 








+ + 


+ + 


+ 


D 


1.5 














E 


15.5 


+ + + + 


+ 


+ + 




+ 


+ 


F 


0.3 


+ 


+ 


+ 









0 The contents of sugars were determined as glucose by the method of Somogyi. 9 * 

6 The neutral sugar composition of each fraction was analyzed by gas-liquid chromatography of the alditol 
trifluoroacetyl derivatives. 10 ' 



+ ~ + + + +, approximate relative amounts of sugars based on the peak areas of the gas-liquid 
chromatogram. 



Fraction £ from 600 g of cells was applied to a column 
(1.0x15cm) of Dowex AOl x4 (HCOQ-) and eluted 
with the ammonium formate system 7 *: solutions in the 
reservoir were changed in the following way: 150ml of 1m 
ammonium formate (pH 5*0) and 150 ml of 2 m am- 
monium formate (pH 5.0). The UDP-sugar fraction eluted 
with 1 M ammonium formate was collected and freeze* 
dried. The fraction was applied as a zone to several sheets 
of Whatman 3 MM filter paper, which were then chroma- 
tographed by descending technique with ethanol-1 m am- 
monium acetate (5 : 2, pH 7.0). The zone corresponding to 
UDP-glucosc (J? UM? L30) was excised, washed by descend- 
ing technique with 99% ethanol, and eluted with water. 

Its spectrum was found to be similar to that of authentic 
UDP-glucose. The contents (mol/mol of uracil) of some 
components in this compound were as follows: acid-labile 
phosphate (with 1 n H a S0 4 at 100X for 10 min), 1.10; 
total phosphate, 2.09; reducing sugar (as glucose) liberated 
by mild add hydrolysis, 1.01. On mild acid hydrolysis, 
UDP and a trace of UMP were produced from this 
compound. 

It seems difficult to separate the UDP-sugars from each 
other, because each possesses similar properties. 
Therefore, we analyzed the sugars liberated from all of 
them on mild add hydrolysis by gas-liquid chromatog- 
raphy. The compounds were found to contain glucose, 
galactose, xylose, arabinose, and rhamnose in an ap- 
proximate proportion of 42: 14: 1 : 1 : 0,8. Therefore, this 
nucleotide fraction appears to be a mixture of UDP- 
glucose, UDP-galactose, UDP-xylose, UDP-arabinose, 
and UDP-rhaxnnose. 

The results indicate that the concentrations of UDP- 
glucose and UDP-xylose, the direct donors for the syn- 
thesis of xyloglucan, are approximately 102 /unol and 2.4 
pmoL respectively, per kg of the cells (fresh weight). It has 
been known that the primary cell walls of dicots contain a 
considerable amount of xylose as a component sugar, and 



most of the xyiosyl residues are derived from xyloglu- 
can. ,u This suggests that a sufficient amount of UDP- 
xylose must be supplied to the biosynthetic system of 
xyloglucan despite the poor accumulation of this sub- 
stance in soybean cells. 
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